Spin filters, that is, systems which preferentially transport electrons of a certain spin orientation, are an important element for spintronic schemes and in chemical and biological instances of spinselective electronic communication. We study the relation between molecular structure and spin filtering functionality employing a theoretical analysis of both model and stable organic radicals based on substituted benzene, which are bound to gold electrodes, with a combination of density functional theory and the Landauer-Imry-Büttiker approach. We compare the spatial distribution of the spin density and of the frontier central subsystem molecular orbitals, and local contributions to the transmission. Our results suggest that the delocalization of the singly occupied molecular orbital and of the spin density onto the benzene ring connected to the electrodes, is a good, although not the sole indicator of spin filtering functionality. The stable radicals under study do not effectively act as spin filters, while the model phenoxy-based radicals are effective due to their much larger spin delocalization. These conclusions may also be of interest for electron transfer experiments in electron donor-bridge-acceptor complexes.
I. INTRODUCTION
Organic spintronics is of interest due to its potential for combining the advantages of spintronics, [1] [2] [3] such as lowpower operation, and organic electronics, in particular flexibility and low fabrication cost. [4] [5] [6] While in most cases, inherently nonmagnetic organic layers are employed, building the ferromagnetic parts of the system from organic components has also been proposed, 7, 8 for example, from organic radicals packed in a crystal 9 or from polymers with radical subunits. 10, 11 Such components may in principle act as spin filters, that is, as building blocks which preferentially transport electrons of a certain spin orientation. Here, we focus on the spin filtering capabilities of the molecular subunits of such magnets.
Spin filtering requires control over the orientation of the spin polarization of the molecular subunit with respect to the spin of the transported electrons. Ideally, this control would be absolute, for example, through external fields. Spin filtering could also play a role when only the relative orientation of transported spins and the filtering molecule can be controlled: It is possible to imagine having molecular spin filters connected in a way that makes both parallel and antiparallel alignment of their spins energetically accessible, and thus may result in a switch for overall charge transport which can be operated by changing the spin coupling. This functionality may be rationalized in part by assuming that each subunit transports preferentially electrons of one spin, depending on its own spin orientation, and that by switching the relative a) Author to whom correspondence should be addressed. spin orientation of adjacent subunits, part of the electrons let through by one can be blocked by the other. A first step to understand the behavior of these composite systems is to study the molecular subunits. In a second step it will be necessary to study to which extent the behavior of the larger aggregates can be explained in terms of the behavior of the subunits.
To understand the spin filtering properties that are due to single molecules, it makes sense to examine them in a variety of environments and to identify unique properties by comparison. Experimentally, organic radical bridges have been studied using conductance measurements on gold nanoparticle arrays, where radicals bridge the nanoparticles, 12 and in electron donor-bridge-acceptor complexes. 13, 14 For the latter, it has been found that radical bridges may influence the charge recombination dynamics of the charge separated state, and that these dynamics depend on the spin state of the chargeseparated system.
While modeling electron transfer rates accurately can be a challenge, it may be possible for certain systems to obtain a qualitative picture of the bridge's contribution to charge transfer from coherent tunneling calculations within the Landauer-Imry-Büttiker approximation 15, 16 in combination with a Green's function approach 17 and Kohn-Sham density functional theory (KS-DFT), 18 with the molecule sandwiched between gold electrodes. This approach allows various electron injection energies to be sampled, providing results which may be relevant for a variety of donor and acceptor systems and also for metal junction setups that are dominated by coherent tunneling. It has been applied predominantly to closed-shell structures, but in recent years, open-shell molecular bridges have been investigated. [19] [20] [21] [22] [23] [24] [25] [26] [27] When designing spin filters, it would be advantageous to have some general rules predicting their filtering capability based on their chemical structure rather than having to carry out a transport calculation for each candidate. This would also allow for established rules of thumb for the relation between chemical structure and electronic structure of organic radicals to be exploited. 28 We take a closer look here at how spin filtering behavior may be estimated from the shape and energetics of the frontier molecular orbitals (MOs), which of course also control the spin density. Intuitively, we anticipate that the spin density distribution, which within an effective single-particle model such as KS-DFT is determined by the MO shapes and energies, plays a decisive role. To fully exploit the capabilities of synthetic chemistry for designing spin filters, it would be helpful to have a more detailed picture. Furthermore we show, by studying local (atomic) contributions to the transmission, which parts of the molecular structure contribute to the dips and peaks in the transmission of benzene-based systems that occur due to the radical substituent.
The combination of Landauer-Imry-Büttiker approach, Green's function techniques, and KS-DFT has been described in numerous publications [29] [30] [31] [32] [33] and shall therefore only be summarized briefly. The junction is usually separated into the two semi-infinite electrodes, and into a central region (or subsystem), which may comprise the molecule or the molecule and part of the electrodes. The electronic structure of the central region is described using an effective one-particle model such as KS-DFT or Hartree-Fock theory. By solving the secular equation for the central region only, a set of one-electron levels is obtained (central subsystem molecular orbitals, CMOs). Assuming that electron transport is a coherent tunneling process, that the electrodes are reflectionless, that a steady state is reached, and that the voltage division is symmetric, 34, 35 the current of electrons of spin σ ∈ {α, β} at a temperature of 0 K can be expressed as
where e is the magnitude of the electron charge, h Planck's constant, E F the Fermi energy of the electrodes in equilibrium (assuming that the two electrodes are equivalent), and T σ is the spin-dependent transmission which depends on the energy E of the tunneling electron and on the bias voltage V . Within the Landauer-Imry-Büttiker approximation, the zero-
The transmission can be calculated 36, 37 as the trace over the matrix product of the coupling matrices R/L ,σ for the left and right electrode, and the advanced and retarded Green's function of the central region G
The Green's functions and coupling matrices have been obtained by postprocessing the one-particle Hamiltonian and overlap matrices obtained for molecules attached to finitesize gold clusters mimicking the electrodes (see Appendix A for further details). Since the transmission may be interpreted as a measure of an electron's propensity to tunnel through the junction, we judge the spin filtering properties of a bridge from whether α (majority spin) and β (minority spin) transmission differ over a significantly broad energy range. Spin-orbit coupling is neglected, and current-induced spin flips, inelastic changes of spin states, vibrational excitations, and temperature effects are not considered in this initial study. We decompose the transmission into local contributions [38] [39] [40] as outlined in Ref. 40 ,
where T AB (E) is the transmission between centers A and B.
In the following, A and B are atoms belonging to two sets M L and M R which are to the left and right of some interface of interest. Further, A and B are defined by the basis functions centered on them after a symmetric (Löwdin) orthogonalization.
It should be stressed that we are interested in spin filtering in a general sense here, which may include different forms of spin-dependent electronic communication through radical bridges, and the chosen molecular junction setup is a convenient tool to do so rather than a practical suggestion for a spin filtering device. Also, the proper choice of the Fermi energy is a question that has not been completely resolved yet, and for practical purposes, a range of values may be considered reasonable. Therefore, we have not included plots of spinpolarized currents and current ratios here. Such plots may be found for structures 1 and 2 in the Supporting Information of Ref. 24 .
After introducing the systems and comparing their spinresolved transmission in Sec. II, we study the influence of density functional and basis set on the transmission in Sec. III. The local transmission, molecular orbitals and spin density are discussed in Sec. IV. Finally, Sec. V summarizes the results and provides an outlook on future research directions. Details on the computational methodology are given in Appendix A. The supplementary material 41 provides additional data on molecular orbitals, parameter dependence, and local transmission.
II. SPIN-RESOLVED TRANSMISSION
Here, we compare several organic radicals to identify rules for what makes a radical a good spin filter. Two of these are model phenoxy radicals, benzene rings connected to the electrodes via C≡CS linkers either para or meta to one another, with an oxygen radical substituent (structures 1 and 2 in Figure 1 ). Their spin filtering behavior has been studied previously by computation, 24 and they were found to have a large difference between α and β transmission. We compare these model radicals with two stable meta-connected benzene bridges with a nitronyl nitroxide (structure 3) or tbutylphenylnitroxide (structure 4) group attached; these turn out to show only little difference between the transmission for the two spin orientations (see Figure 1 ). For comparison, we also look at the hydroxy analog of 4, as investigated in Ref. 14 (structure 5). Systems 1 to 4 are investigated in their doublet state. The central region consists of the molecule only, if not mentioned otherwise. Figure 1 shows the transmission for α (majority spin) and β (minority spin) electrons for the five systems under study here, calculated with the B3LYP density functional 42, 43 and the effective core potential LANL2DZ with matching doublezeta basis set. 44 We are mostly interested in the energy range around the HOMO-LUMO (highest occupied and lowest unoccupied molecular orbital) gaps which is approximately between −1 and −7 eV for the systems studied here using B3LYP (see Sec. IV A). While the appropriate choice of the Fermi energy is an unsolved problem which makes quantitative predictions of current-voltage curves difficult, 45 this energy range includes all reasonable choices for the Fermi energy of gold electrodes. It may also be expected to include the energetic range accessible by electron transfer experiments. We examine only the elastic scattering limit, ignoring concerns about the relation between molecular resonances and the gold Fermi energy and the potentially increasing importance of vibrational contributions when these are close in energy. 46 All transmission curves in Figure 1 can be described as composed from a smooth "baseline," which resembles the transmission of the analogous unsubstituted benzene systems, 40 and peaks or dips which are caused by the radical substituent acting as an additional site in the π -electron system. As discussed in Ref. 24 , the qualitative shape of these curves can be explained by a simple Hückel model describing the π electron system. The "baseline" of all transmission curves looks as expected for para-and meta-connected benzene systems: for the former (system 1), the baseline is higher by more than an order of magnitude over a broad energy range than for the latter (systems 2 to 5). The peaks in the transmission of systems 2 to 5 are often accompanied by (smaller) dips and could therefore be more accurately described as a Fano resonance. Fano resonances have been studied previously in the context of molecular electronics. 47, 48 Due to the variability of lineshapes with the density functional chosen (see Figure 2 below), and since their detailed form is not essential for spin filtering, we are not discussing them in depth here.
For the oxygen-substituted radicals 1 and 2, there are broad dips and peaks, respectively, in the transmission, which are shifted by about 2 eV to higher energies when comparing β to α transmission. Additionally, the "baseline" is shifted to higher energies by 0.5 to 1 eV for the β curve compared with the α one.
For the stable radicals 3 and 4, the differences between α and β transmission are much smaller: The peaks and dips are considerably narrower, and the α and β baselines are only barely shifted for 3 and coincide for 4 in the energy range of main interest here. This suggests that any differences in charge recombination rates between the singlet and triplet charge separated states as observed in Refs. 13 and 14 are not due to the tunneling electron transport properties of the bridge. The α transmission of 4 is very similar to the transmission of its closed-shell counterpart 5.
Since the current is obtained by integrating the transmission (Eq. (1)), adding a radical group or another substituent that participates in the π -electron system can diminish the differences in the transmission and thus in the conductivity between para-and meta-connected benzene systems by adding transmission dips to the former and peaks to the latter.
III. INFLUENCE OF DENSITY FUNCTIONAL AND BASIS SET ON THE SPIN-RESOLVED TRANSMISSION
Comparing the transmission obtained for 3 with different density functionals and basis sets (see Figure 2) illustrates why it is not advisable to interpret the small peaks and dips in too much detail: Depending on the choice of computational parameters, the location and shape of these peaks and dips can change considerably. For example, the B3LYP α transmission for 3 has a double peak to the left of the overall minimum (around −3 eV), whereas the whole curve is shifted to lower energies when using BP86, and the feature to the left of the minimum is now a dip. But the qualitative conclusions as to whether a molecular bridge acts as a spin filter are not affected by the choice of functional and basis set: From all graphs in Figure 2 one can conclude that 3 effectively does not act as a spin filter. The same is true for 4 (see supplementary material 41 ). Accordingly, the parameter study presented in Ref. 24 suggests that 1 and 2 are good spin filters, irrespective of which parameters are chosen.
Surprisingly, the B3LYP/DZ results are quantitatively different from the B3LYP/LANL2DZ ones, although in both cases the basis set is of double-zeta quality and the same density functional is employed. This may be because while the B3LYP/LANL2DZ data in Figure 1 were obtained by postprocessing electronic structure calculations carried out with the QCHEM program package 49 and effective core potentials 44 for the gold atoms in combination with Gaussian basis functions, the data presented in Figure 2 and Figure S3 in the supplementary material 41 come from all-electron calculations employing ADF (Ref. 50 ) in which Slater-type basis functions are used, and where the relativistic effects were described by the zeroth-order regular approximation. [51] [52] [53] For this work, elucidating the relation between electronic structure and spin filtering properties, the parameter dependence is not crucial, since we want to see how electronic structure and spin filtering are related to each other from a general point of view. For more quantitative discussions, however, this parameter dependence should be kept in mind.
IV. LOCAL TRANSMISSION AND MOLECULAR ORBITALS
We now ask what makes a molecule a good spin filter. When comparing α and β transmission for a given structure, two phenomena may lead to substantial differences between the two curves and may thus be exploited for spin filtering: (1) shifts of the α and β transmission baselines with respect to each other, and (2) different shapes and shifts of the relative position of peaks or dips with respect to the baseline for different spins. Since to calculate conduction, a range of energies will be important, the latter mechanism may be expected to work only when the dips or peaks are sufficiently broad. Shifts of the baseline (accompanied by peak shifts) are exemplified in the transmission curves of 1 and 2 (top two panels in Figure 1 ), while shifts of the relative position of the peaks only can be seen for 3 and 4 (middle and lower right panel in Figure 1 ).
Within the KS-DFT-based Landauer-Imry-Büttiker methodology we are using here, transmission is determined by the energies and the shapes of the molecular orbitals obtained by solving the secular equation within the central region (the CMOs). In particular, peaks in the transmission are often found close to CMO energies. However, it is possible for several CMOs to interact, and for effects such as destructive interference [54] [55] [56] [57] [58] to lead to dips in the transmission. The peaks may be shifted in energy with respect to the CMO energies. As shown below, the energetic location of the "radical" peaks (and to a certain extent also of the dips) for our systems is typically very close to the CMO energies. There is then a clear relation between peak broadening and CMO contributions on the benzene ring directly connected to the electrodes. Thus, a CMO analysis can give valuable insight into the connection of electronic structure and spin filtering behavior.
Additionally, there are questions which a study of the shape and energies of the CMOs alone cannot answer, such as to what extent the tunneling electrons go through the radical substituent as opposed to through the benzene ring only. To this purpose, an analysis of local contributions to the transmission is helpful. In the following, the CMOs and local transmission (using B3LYP/LANL2DZ) are analyzed in more detail.
A. Central subsystem MOs and spin density
The energies of the frontier CMOs (in the following referred to as HOMO α , LUMO α , and so on) and isosurfaces of the spin density and the HOMO α and the LUMO β of radicals 1 to 4 are given in Figure 3 . The orbital occupation has been assigned by comparing the shapes of the CMOs to the MOs in the corresponding free radicals. The CMOs of 3 and 4 which are energetically located below and above the HOMO α /LUMO β can be found in the supplementary material, 41 and for 1 and 2 in Ref. 24 (reproduced here for comparison).
For all systems under study, the pairs of α and β CMOs with the same occupation number, HOMO-1 α /HOMO β and LUMO α /LUMO+1 β , have similar energy, and the LUMO β is higher in energy by 2 to 3 eV than the HOMO α . For 4 the HOMO-1 α /HOMO β and LUMO α /LUMO+1 β pairs are very close in energy, they are slightly shifted for 1 to 3, with the β CMOs having higher energies. This is reflected in a shift of the β transmission baseline to higher energies when compared with the α one (see Figure 1 ). For 4, the two baselines virtually coincide over a broad energy range. What the CMO energy shifts cannot explain is why the baselines are shifted by up to 1 eV for 1 and 2, whereas the shift is close to negligible for 3.
The CMOs provide a good explanation for the width of the peaks and dips: Systems 1 and 2 have considerable contributions to the HOMO α /LUMO β and to the spin density from the benzene ring which is directly connected to the electrodes. For 3 and 4, however, these contributions are negligible. Larger CMO contributions on the ring (in particular on atoms connected to the electrodes) will in general lead to larger coupling of the one-particle levels to the electrodes (from the coupling matrices L/R,s in Eq. (2)), and thus to broader transmission peaks. Indeed, the peaks close to the HOMO α /LUMO β energies (see Table I and Figure 1 ) are much broader for 2 than for 3 and 4.
The dips in 1 are also very broad, although the relation between those dips and the CMOs is less straightforward to make. Interestingly, while 3 has more spin density on the ring than 4, it has smaller HOMO α /LUMO β coefficients on the ring. This seems counterintuitive, but may be attributed to larger differences in shape (reflected in larger differences in energy) between α and β CMOs in 3, so that not only the HOMO α /LUMO β is decisive for the spin density. Given the variability of the electronic structure and thus transmission with the computational parameters illustrated in Sec. III, it TABLE I. Energies of the "radical" peak or dip in the α and β transmission for the four radicals under study, compared with the CMO energy corresponding to the HOMO α /LUMO β . B3LYP/LANL2DZ.
seems inadvisable to interpret these rather minor differences in much detail. Spin delocalization will depend strongly on the dihedral angle between the two rings in 3 and 4; while 3 has a dihedral angle of 24.2
• (B3LYP/TZVP optimized structure), 4 is more twisted, with a dihedral angle of 43.5
• (B3LYP/TZVP) or 32.8
• (BP86/TZVP). The energies of the HOMO α and LUMO β in the metaconnected systems 2 to 4 are very close to the position of the peaks which the transmission curves show on top of the baseline (see Table I ). On the other hand, the position of the dips in system 1 is shifted by 0.4 eV to higher energies compared with the CMO energies.
B. Local transmission
An analysis of atomic contributions to the transmission [38] [39] [40] 48 shows which parts of the molecular structure are directly participating in charge and spin transport. Previously, 40, 48, 59 analysis of the unsubstituted meta benzene systems revealed that the dips in the transmission associated with interference features were characterized by ring current reversal, while the unsubstituted para system has none of these features. In the substituted systems, 1 and 2, the transmission reveals a number of interference features in each case. In the case of the α spin transport through 1, the ring current reversal is evident around the interference feature induced by the radical substituent as shown in Figure  4 . While it is not so simple to see the ring current reversal in the total transmission in other cases, as residual σ transport dominates near the interference features, a simple Hückel model for the π system in these molecules reproduces the transmission features and highlights the nature of the ring current reversals around the interference features. Detailed FIG. 4 . The ring current reversal evident around the interference feature induced by the radical substituent in the α transmission (B3LYP/LANL2DZ). The diameter of an arrow between two atoms is proportional to the local transmission value between the atoms. Contributions below 10% of the largest local transmission value have been omitted. Arrows in transport direction are shaded red, and the ones opposite to it in blue. The apparent lack of conservation arises as Au -molecule terms are not shown in this plot.
local transmission plots for structures 1, 2, and 3 are given in the supplementary material, 41 along with Hückel model results for 1 and 2.
The critical question when comparing the four systems investigated here is why there are such pronounced differences in the spin currents in systems 1 and 2 while there are such minimal changes in systems 3 and 4. Here, the local transmission can also provide an indication of the underlying cause. Figure 5 illustrates that for structure 4, the substituted benzene ring, on which most of the spin density is located, essentially does not participate in transport.
The local transmission of 4 is simpler than for 1 and 2. The pattern corresponds to the one of unsubstituted metabenzene, with an extra ring reversal just slightly above the energy of the peak at −5.05 eV for α electrons, and slightly below the one at −2.00 for β electrons, where small dips in the transmission are visible. This simpler picture is probably due to the two benzene rings being considerably twisted with respect to each other, so that electronic communication is low. The magnitude of this twist may be influenced by the choice of density functional when optimizing the radical structure. Irrespective of the precise magnitude of this effect, as long as the radical substituent is not participating in the transport pathway it is unsurprising that there are no clear spin dependent features in the spin transport. 
V. CONCLUSION AND OUTLOOK
We study which features of the electronic structure make an organic radical a good spin filter for coherent electron transport, provided its (relative) spin orientation can be controlled. We compare two meta-connected stable organic radicals, whose electron transfer properties have been studied experimentally, 13, 14 to meta-and para-connected phenoxy model radicals, whose spin-dependent transport properties have been investigated computationally. 24 Our results indicate that spin filtering is large in systems which have a large spin density on the benzene ring attached to the electrodes. This spin density is correlated with large coefficients of the central subsystem HOMO α and LUMO β on the ring atoms, which in turn tends to favor stronger coupling between these MOs and the electrodes.
The local transmission analysis shows that direct contributions of the radical substituent to the transport properties may be removed by extensive twisting between the π -system of the benzene ring connected to the electrodes and the π -plane of the radical substituent. In this case, the parts of the molecule with the majority of the spin density are not the parts of the molecule that participate in the transport, and unsurprisingly then there is very little evidence of the molecules' radical character in the transmission.
We expect meta-connected phenoxy radicals (and related open-shell systems with large spin density on the ring) to be more conducting than their closed-shell counterparts, whereas para-connected ones should be less conducting than the analogous closed-shell systems. In other words, introducing a radical group that participates in the π -electron system is expected to decrease the para-/meta conductance ratio. This is of course also true for a closed-shell substituent acting as an additional site in the π system.
While the detailed shapes of spin-resolved transmission curves may depend strongly on the density functional (and, to a lesser extent, on the basis set), overall qualitative results such as the ones found here are not affected by this choice.
Our results suggest that putting a phenoxy radical bridge between a donor and acceptor may test the suggestion that very large spin densities on a connecting benzene ring can affect charge separation and recombination rates. 13, 14 Theoretical studies suggest that the spin density distribution in phenoxy radicals can be controlled noticeably by substituents, 60 which makes these systems seem even more attractive. Also, while a bare phenoxy radical is highly reactive, it seems that t-butyl phenoxy radicals might be sufficiently stable for such experiments.
Our study concentrated on transport within the π plane. This may prove relevant for donor-bridge-acceptor systems and for single-molecule studies in molecular electronics, and possibly also for one-dimensional polymers. For organic spintronic applications employing bulk systems, it may be interesting to look at the spin filtering properties in the direction perpendicular to the π plane. 61 Also, it would be interesting to investigate temperature effects, spin flips, and inelastic scattering contributions, which may affect spin filtering functionality in ways that are beyond the scope of this initial study. 
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APPENDIX: COMPUTATIONAL METHODS
Electronic structure calculations
The dithiol molecules were optimized with an overall charge of zero, using a triple-zeta quality basis set with one set of polarization functions (TZVP (Refs. 62 and 63) and the B3LYP density functional, 42, 43 employing the QCHEM (Ref. 64 ) quantum chemistry program package, with a maximum atomic displacement in subsequent optimization steps below 1.2 × 10 −3 Å. After optimization, the thiol groups' hydrogen atoms were stripped off, and the structures were placed between two Au 9 clusters with an sulfur-gold distance of 2.48 Å. 65 Au-Au distances were set to their value in extended gold crystals (2.88 Å). A tight criterion of 10 −8 a.u. for the direct inversion of the iterative subspace error was chosen in all QCHEM calculations, whereas a criterion of 10 −6 a.u. was chosen for the largest element of the commutator of the Fock matrix and the density matrix in the ADF calculations.
The density matrix was calculated from the MO coefficients in each step of the self-consistent-field (SCF) algorithm, as usually done for closed systems, and not from the lesser Green's function, which would take the open nature of the system into account. 29, 30, 66 In other words, the nonequilibrium Green's function formalism was not employed in the SCF algorithm. No periodic boundary conditions were assumed. Spin-unrestricted Kohn-Sham density functional theory calculations were performed using a locally modified version of QCHEM, or ADF . 50) ) were employed. All ADF calculations were carried out within the zeroth-order regular approximation to describe scalar relativistic effects, and used a small frozen core, comprising the 1s shell of carbon, nitrogen, and oxygen atoms, and the 1s through 4d shells of gold atoms. Stuttgart ECPs (Ref. 67) were used for the gold atoms in the TZVP calculations. For the transport calculations, either the B3LYP exchange-correlation functional, 42, 43 which features 20% of Hartree-Fock exchange, or the pure density functional BP86 (Refs. 68 and 69) were employed.
